The aim of this experiment was to design a suitable mouse model for male subfertility in which to study the effect of decreased sperm quality on embryo quality in vivo and in vitro. To achieve male subfertility, testes of adult male mice were immersed in water at either 42°C ( Also, the in-vitro fertilization rate of oocytes, fertilized by spermatozoa collected from heat stressed males, was significantly lower (44.9%; P < 0.0001) when compared to controls (65.1%; P < 0.0001). In conclusion, the results of this study suggest that male subfertility induced by acute scrotal heating may result in impaired sperm quality, reduced embryo weight in vivo and decreased fertilization rate in vitro.
Introduction
Male subfertility is a major problem in the infertility clinic, since it is responsible for 30-50% of all fertility problems and since conventional treatment methods are unfortunately not very effective (Hull, 1994) . Recently, however, more advanced *Accepted as oral presentation, ESHRE Meeting, Edinburgh 1997.
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© European Society for Human Reproduction and Embryology techniques such as in-vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI) have offered therapeutic opportunities even in extreme cases of male subfertility (Purvis and Christiansen, 1992) . Therefore, the question whether sperm quality affects embryo quality is very important, but still controversial. Initially, it was accepted that all embryos had the same developmental potential regardless of sperm quality (Acosta et al., 1986) . Recently, however, some clinical data in humans suggest that a relationship exists between sperm quality and embryo quality. Indeed, impaired sperm quality may correlate with both impaired embryonic development (Ron-El et al., 1991) and poor embryo morphology (Parinaud et al., 1993) . Janny and Ménézo (1994) also observed a significantly decreased number of embryos developing into blastocysts in IVF patients treated for male infertility when compared to controls. Furthermore, it has been reported that fewer (Thanki et al., 1992) or no pregnancies (Enginsu et al., 1992) were achieved after transfer of embryos arising respectively from spermatozoa with a low concentration or both very poor morphology and low motile concentration. These latter observations may have important implications in the treatment of male subfertility. Therefore, this study aims to design a mouse model for male subfertility suitable to study the influence of sperm quality on embryo quality in vivo and in vitro. Acute scrotal heating has been used as a method to induce male subfertility. Acute scrotal heating, indeed, causes a fall in the sperm concentration, but fertilization is still possible (Mieusset, 1992) . There are few or no data available on the effects of scrotal heating on subsequent development of embryos in normal female rodents. In the mouse, only preliminary data regarding this phenomenon have been presented (abstract by Ekpe et al., 1994 and abstract by Setchell and Surani, 1996) , and in rats only the effect of scrotal heating on the early embryogenesis after in-vivo fertilization has been described by Setchell et al. (1988) .
Materials and methods

Animals
Parental mice (CBA females and C57BL males) and F1 hybrid males and females (CBAϫC57BL) were bred in the animal house of Gasthuisberg, Leuven. All the mice were kept under controlled conditions of temperature, humidity and 14 h light-10 h darkness rhythm. Their food consisted of special pellets for mice (Muracon-G, Gent, Belgium) and they received both food and water ad libitum.
Media
Both HEPES-buffered medium and human tubal fluid medium were prepared with Milli-Q water, as described (Brande, 1987; Quinn et al., 1985) . The solutions were adjusted to an osmolarity of 280-285 mOsm/l. The media were sterilized using a 0.22 µm membrane filter (Millipore, Brussels, Belgium) and stored at 4°C for a maximum of 4 weeks. Bovine serum albumin (BSA) (Sigma, St Louis, MO, USA) was added to the culture medium 24 h before use. The complete media were re-sterilized using a 0.22 µm filter and equilibrated at 37°C under an atmosphere of 95% air and 5% CO 2 .
Experimental design of the in-vivo experiments
Adult male F1 mice (n ϭ 20), between 7 and 11 weeks old, were tranquillized with sodium pentobarbitone (Nembutal: Abbott, Brussel, Belgium; 60 mg/kg body weight, i.p. injected). A longitudinal string of cotton was loosely applied around the scrotum to avoid retraction of the testes to a more abdominal position, without restraining vascularization of the testis. Thereafter, the males were restrained in a plastic tube and their testes and tails immersed in water at either 42°C (heated) or 33°C (control) during 20 min. Three weeks after heating, each male was caged overnight with two or three adult normal F1 females during 4 consecutive days. These females were checked each morning for copulation plugs. If a vaginal plug appeared, 12 a.m. on that day was considered as day 0.5 post coitum. Thereafter, the mated females were caged separately.
The heat exposed males were killed by cervical dislocation 28 days after treatment. Body weight was measured and both testis and epididymis at the left and the right side were immediately recovered via a mid-line incision. Thereafter, the testes and epididymides were dissected free of vas deferens and surrounding tissue. The testes were weighed and the cauda epididymidis was isolated by removing both the vas deferens and the corpus of the epididymis as accurately as possible. The cauda of the epididymis were placed in a test tube filled with 4 ml human tubal fluid medium supplemented with 2% BSA and the pH was adjusted to 7.4 with NaOH. The tissue of the cauda epididymidis was minced with scissors to release spermatozoa. After 30 min of incubation the bottom layer consisting of cauda tissue fragments was removed. After a second incubation time of 30 min, the concentration of spermatozoa was determined by using an improved Neubauer counting chamber and the motility was assessed manually (Technolab, Fertipro, Aalter, Belgium) using a phase contrast microscope. Progressive motility was scored as the combination of moderate and fast progressive motility.
The mated females were killed by cervical dislocation at day 14.5 post coitum. Each embryo was dissected out in phosphate-buffered saline (Gibco BRL, Paisley, UK) and patted dry with absorbent paper. The number of embryos, the resorption sites and individual embryo weights were determined. A resorption site was defined as a portion of the uterus with no visible embryo, but only dense tissue as a sign of earlier implantation.
Experimental design of the in-vitro experiments
Adult F1 males (n ϭ 10 for 33°and 42°respectively) were subjected to acute scrotal heating as described above. The heat exposed males were killed by cervical dislocation 28 days after treatment. Thereafter, body weight, testis weight and sperm parameters were obtained as described previously.
Four to 5 week old F1 females (n ϭ 19) were induced to ovulate by i.p. injections of 5 IU pregnant mare serum gonadotrophin (Folligon, Intervet, Brussels, Belgium) followed 48 h later by 5 IU human chorionic gonadotrophin (Pregnyl, Organon, Oss, The Netherlands). The females were killed 15 h later by cervical dislocation on the same day as the heat exposed males. Thereafter, the IVF procedure was set up. Briefly, both oviducts at the left and right side were dissected out in HEPES buffered medium supplemented with 0.5% BSA. The cumulus masses with the oocytes were isolated in human tubal fluid supplemented with 0.5% BSA and subsequently incubated with spermatozoa. After 5 h, the oocytes were washed. The fertilization rate was determined on the following day.
Statistical analysis
In Tables I and II the values are presented as median (range). Statistical analyses were performed using Solo 6.0 (Statistical Solutions, Cork, Ireland). Data were compared using the non-parametric MannWhitney U-test and P Ͻ 0.05 was considered significant. The data for fertilization rates were analysed using Instat 2.0 (GraphPad Software, San Diego, USA). Differences between proportions were evaluated in 2ϫ2 contingency tables by χ 2 test and P Ͻ 0.05 was considered significant.
Results
Testis weight, sperm concentration and motility
Both absolute and relative testis weight (calculated as testis weight in mg/100 g body weight) was significantly (P Ͻ 0.001) decreased in heat stressed mice when compared to controls (Table I) . Body weight was not significantly different between both groups. A highly significant (P Ͻ 0.001) decrease in sperm concentration was observed in the heat exposed males. Progressive sperm motility was also significantly (P Ͻ 0.001) decreased in heat-stressed males.
Reproductive performance in vivo
The number of pregnant females was significantly lower (P ϭ 0.01) in the group of animals mated to 42°C exposed males (Table II) . The numbers of resorption sites and of viable embryos per pregnant female were not significantly affected in the group of females mated to heat exposed males. Also, the number of resorption sites in the control group (two sites/ 20 mice) was not different from the number of resorption sites in the heat stressed group (three sites/18 mice). However, the weight of the embryos sired by the heat stressed males was significantly (P Ͻ 0.001) lower than controls at day 14.5 of pregnancy (Table II) .
Fertilization in vitro
The fertilization rate of oocytes, fertilized by spermatozoa collected from heat stressed males (106 of 236 oocytes or 44.9%), was significantly lower (P Ͻ 0.0001) when compared to controls (170 of 261 oocytes or 65.1%). The values are presented as median (range). NS ϭ not significantly different. a P ϭ 0.01. b P Ͻ 0.001.
Discussion
The results of this study clearly demonstrate that significant changes in sperm parameters can be achieved by local heating of the scrotum, by a procedure which does not have any significant effect on general body temperature (Waites et al., 1973) . Both relative and absolute testis weight also decreased following scrotal heating. This is in agreement with previous results obtained in both mice (Hand et al., 1979; De Vita et al., 1990; Gasinska and Hill, 1990) and rats (Galil and Setchell, 1987) . The decrease in testis weight is related to spermatogenic failure, as suggested by the concomitant decrease in sperm concentration. Earlier studies in mice (De Vita et al., 1990) and rats (Chowdhury and Steinberger, 1964, 1970; Blackshaw and Hamilton, 1971; Blackshaw et al., 1973) indeed demonstrated that late pachytene spermatocytes and round spermatids were most sensitive to elevated temperature. Furthermore, scrotal heating induces not only a decrease in sperm concentration, but also in sperm quality, as indicated by a decrease in progressive sperm motility. A similar decrease of sperm motility has not been documented in other studies in mice or rats under similar experimental conditions. Furthermore, our results show that impaired sperm quality also leads to a decrease in the fertilization rate in vitro and to a decreased pregnancy rate in vivo. This latter phenomenon has been previously reported in rats by Setchell et al. (1988) , although only pregnancy rate and not embryo weight was reported. Interestingly, in our study, during this period of reduced fertility, there was also a reduced embryonic weight at day 14.5 post coitum in normal females mated to heat stressed males. However, the implantation rate per embryo was not affected, since there were no significant differences in the number of resorption sites and viable embryos between groups. This observation suggests that, in mice, impaired sperm quality may directly affect embryonic weight, without effect on implantation rate.
The present results support the hypothesis that embryo quality is linked to sperm quality. A possible explanation may be a heat-induced impairment of DNA synthesis at the level of the germ cells. However, this is unlikely, since late pachytene spermatocytes and round spermatids, which are most susceptible to heat, are not actively involved in DNA synthesis (Steinberger, 1991) . However, according to one publication, heating of testes of mice under the conditions used in these experiments resulted in an increased percentage of X-Y univalents in meiotic preparations made 6 and 12 days after heating (Van Zelst et al., 1995) . Additional explanations may concern the possible effect of scrotal heating on DNA methylation in testis (Razin and Kati, 1994) or the impaired denaturation of proteins (Hand et al., 1979) . Disruption of the protamine packaging process might result in problems at the time of fertilization when protamines are again replaced by histones. This might lead to asynchrony and delayed development just after fertilization (Janny and Ménézo, 1994) , which may explain an early delay or decrease in embryo growth. The ultimate effect of this early decrease in embryo weight has to be determined.
In conclusion, scrotal exposure to heat not only reduces testis weight and sperm quality, but also decreases fertilization in vitro and early embryo growth in vivo. Acute scrotal heating in mice can be used as a model for male subfertility to study the relationship between sperm quality and embryo quality.
